Treatment of aryl iodides with indium metal in the presence of lithium chloride leads to the formation of an organoindium reagent capable of participating in cross-coupling reactions under transition-metal catalysis. Combination with aryl halides in the presence of 5 mol % Cl 2 Pd(dppf) furnishes biaryl compounds in good yields; similarly, reaction with acyl halides or allylic acetates/carbonates in the presence of 5-10 mol % palladium catalyst leads to arylketones and allylic substitution products, respectively, in moderate yields. The reactions are tolerant of the presence of protic solvents, and ∼85% of the indium metal employed can be recovered by reduction of the residual indium salts with zinc(0).
Organoindium compounds have been demonstrated to participate in a wide range of transition-metal-mediated processes for carbon-carbon bond formation.
1 These environmentally benign reagents are air-and moisture-stable 2 and can undergo cross-coupling reactions in an atom-efficient manner. One current limitation in the use of organoindiums is the necessity of preparing the reagents by the combination of organomagnesium or organolithium reagents with indium trichloride. As a result of the highly reactive nature of lithium or Grignard organometallics, 3 the scope of indium reagents that can be prepared by this method may be limited. 4 Furthermore, indium(III) salts such as InCl 3 are currently under investigation as possible mutagens. 5 A direct method of preparing organoindium reagents for transition-metal-mediated reactions is thus highly desirable.
Knochel has shown that highly functionalized organozinc and organomagnesium reagents can be formed efficiently from the corresponding organic halides and zinc or magnesium metal in the presence of lithium chloride.
6 These organometallics readily engage in subsequent transition-metal-mediated carbon-carbon bond-forming reactions. A recent patent from the same group 7 has indicated that this method may also be extended to the preparation of organometals containing Cu, Sn, Mn, and In, although Zn was preferable to all others tested. Despite the utility of zinc-mediated processes, an involved procedure for activation of the zinc metal (including use of TMSCl and iodine) is necessary, and the separation of the organozinc reagent solution from any remaining finely dispersed zinc dust is often problematic (zinc metal impurities can interfere with the subsequent cross-coupling reaction).
8 Furthermore, the zinc organometallics so formed are both air-and moisture-sensitive. In this Note we wish to describe our studies on the utility, scope, and limitations of the direct reaction of aryl halides with indium metal in the preparation organoindium reagents.
Because of the ease with which allylic indium reagents are formed upon combination of indium metal and allyl halides in polar solvents such as water, 9 we reasoned that minimal activation of the indium metal would be necessary to obtain successful insertion reactions with organic halides. Indeed, when methyl 4-iodobenzoate was treated with a slight excess (1.5 equiv) of In · 2LiCl (prepared by heating 1 equiv of indium metal with 2 equiv of dry LiCl at 110°C in vacuo for 20 min) in DMF at 80°C for 12 h, only trace amounts of the starting iodide were evident by TLC, and GC-MS analysis of a reaction aliquot revealed >95% consumption of stating material. A key to the success of this method was the use of indium metal containing 0.1% magnesium 10 as an anticaking reagent; when the magnesium was omitted, the indium metal clumped together on the walls of the reaction flask, and thus a significant excess of indium metal was needed in order to achieve optimal conversion. With In/0.1% Mg, after 12 h at 80°C it was noticed that the remaining indium metal had also clumped together in the bottom of the reaction flask, thus facilitating the separation of the reagent solution for the subsequent cross-coupling. Addition of the DMF solution of the indium reagent to 4-iodotoluene (0.67 equiv) and 5 mol % Cl 2 Pd(dppf) and heating at 80°C for 2 h led to the clean formation of biaryl 3 in 85% yield (Table 1 , entry 1). DMF was the most suitable solvent for the two-step process, since yields of cross-coupled product obtained using THF or DME instead were significantly lower (20-25%, entries 2 and 3); however, addition of methanol (10% by volume) to the DMF solution of the indium reagent just prior to the crosscoupling reaction had no effect on the yield of 3a 11 obtained (entry 4). Furthermore, it was discovered that the time for efficient formation of the indium reagent can be reduced to 2 h when the reaction temperature is raised to 100°C. Aryl bromides were also suitable substrates for the indium insertion, although they were significantly less reactive than aryl iodides: methyl 4-bromobenzoate required heating with In · 2LiCl at 100°C for 12 h to achieve >90% consumption of the starting material, and the subsequent palladium-catalyzed cross-coupling reaction furnished 3a in only 45% yield, indicating that reagent degradation may be taking place during the prolonged heating at elevated temperature (entry 6). Utilizing InI instead of indium metal gave ∼55% insertion and a 42% yield of 3a; substituting InCl 2 for indium metal gave very poor insertion (<20% by GC-MS analysis) and <10% yield of cross-coupled product.
We next examined the ability of aryl iodides with different substitution patterns to undergo the two-step insertion/crosscoupling process. We surveyed the reactivity of both electrondeficient ( Table 2 , entries 1-14) and electron-rich (entry 15) aryl iodides 1 toward indium metal. Paralleling Knochel's findings on the reactivity of aryl halides toward zinc insertion, 6a we discovered that electron-poor substrates such as 4-iodoacetophenone, 3-and 4-iodobenzonitrile, and methyl 4-iodobenzoate undergo >95% insertion of indium metal at 80°C in DMF for 12 h. In contrast, the electron-rich 4-iodoanisole required heating at 120°C for 12 h to effect complete consumption of the starting material (entry 15). Subsequent cross-coupling with aryl iodides 12 in the presence of Cl 2 Pd(ddpf) as catalyst gave the desired biaryls 3b-p in 35-89% yields. Unsurprisingly, reactions requiring higher temperatures to effect the insertion and/or cross-coupling led to lower yields of biaryl products (entries 9, 12, and 15); we suspect that steric issues necessitate the higher temperatures for cross-couplings with 2-iodotoluene and 2-iodoanisole. Furthermore, in several cases where lower yields were obtained (entries 6, 10, 12, and 15), significant amounts of homodimer 4 (presumably arising from palladium(II)-mediated dimerization of the indium reagent) were also isolated from the reaction mixture. To assess if the indium metal was reducing the aryl iodides to the parent aromatic compounds (R 1 -H) prior to the cross-coupling reaction, we performed a TLC assay on the low-yielding reactions and found that no significant amounts of reduced product were evident in the reaction mixtures.
We wished to probe the identity of the organoindium intermediate being formed in the insertion reaction. Araki 13 has reported that reactions of indium metal with allyl halides in organic solvents such as DMF produce indium(III) sesquihalide (12) Electron-deficient aryl bromides were also suitable partners for the crosscoupling reaction with the in situ formed arylindium reagents, furnishing biaryl products 3 in similar or slightly lower yields when compared to the corresponding aryl iodides. Electron-rich aryl bromides, however, gave very poor yields (5-20%) of cross-coupled products.
( intermediates; Chan 14 has demonstrated that the same reaction in water proceeds via formation of an allylindium(I) species. We prepared a series of arylindium reagents by reaction of phenylmagnesium bromide (3 M in diethyl ether) with 1 equiv of InI, InCl 2 , or InCl 3 , respectively, in THF (0°C, 1 h) and then cross-coupled each with 1 equiv of methyl 4-iodobenzoate in the presence of 5 mol % Cl 2 Pd(dppf) (DMF, 80°C, 2 h). To our surprise, we found that the reagents derived from both InI and InCl 2 gave >80% yield of cross-coupled product 3f; in contrast, PhInCl 2 gave only ∼55% yield of 3f. The lower reactivity of mono-and diorganoindiums versus triorganoindiums in transition-metal-mediated coupling reactions has been previously noted. 15 Interestingly, Ph 2 In, prepared from InCl 2 by reaction with 2 equiv of PhMgBr, reacted with 2 equiv of methyl 4-iodobenzoate to furnish 3f in 83% yield, indicating that both phenyl groups on the In(II) reagent are transferable. When we repeated the above experiments but added methanol (10% by volume) to the indium reagent solution prior to the cross-coupling reaction, we discovered that >5% 3f was produced in the reaction involving the reagent prepared from InI and PhMgBr. However, the reagents derived from addition of 1 equiv of PhMgBr to InCl 2 and InCl 3 furnished 3f in 85% and 50% yields, respectively (Scheme 1). On the basis of these experiments, we can conclude that both the indium(II) and indium(III) oxidation states may be viable candidates for the intermediate formed in the insertion reaction.
Because of the expense of indium metal (∼$7/g), we were interested in recovering/regenerating the indium used in our experiments. When the indium metal is separated and weighed after the insertion reaction (following water/acetone rinse and drying in vacuo), we observed that for every millimole of aryl iodide employed, between 0.83 and 1.0 mmol of indium is consumed. The aqueous layer derived from workup of the crosscoupling reaction was filtered, neutralized, and then treated with ∼1.5 equiv of zinc dust while stirring. Within minutes, clumps of indium metal formed and aggregated in the bottom of the flask; after removal of the water, rinsing with acetone, and drying in vacuo, we found that, in total, approximately 85% of indium metal originally employed could be recovered. 16 Finally, we evaluated the ability of the intermediate arylindium species to react with electrophiles other than aryl iodides. Acyl halides and allylic acetates and carbonates were selected as coupling partners for the in situ generated indium reagent.
As can be seen from Table 3 , moderate yields were obtained for acyl substitution reactions involving acid chlorides under Pd(PPh 3 ) 4 (5 mol %) catalysis (entries 1, 2, and 3). Although there have been recent successful examples of transition-metalcatalyzed cross-couplings between acyl fluorides and arylzinc reagents, 17 as well as between thioesters and arylindium reagents, 18 we found that acid chlorides consistently gave the highest yields of arylketones. For example, employing hydrocinnamoyl fluoride instead of the corresponding chloride (entry 2) gave only 10% yield of 7b; using S-phenyl hex-5-ene thioate instead of hex-5-enoyl chloride (entry 3) gave <5% 7c. The use of other palladium catalysts such as Cl 2 Pd(dppf) or Pd(OAc) 2 /PPh 3 gave negligible amounts of ketone products. Cross-coupling with the allylic electophiles cinnamyl acetate (entry 4) and methyl cyclohex-2-enyl carbonate (entry 5) under Pd(dba) 2 (10 mol %) catalysis furnished substitution products 7d and 7e in 48% and 51% yields, respectively; several unidentified side products as well as homodimer 4a were also evident in the reaction mixtures. These results are most likely due to the increased stability of the intermediate aryl-palladium(II)-π allyl complex and thus the decreased rate of reductive elimination. Furthermore, the low reactivity of PhInCl 2 in allylic substitution reactions has been previously noted. 19 The addition of phosphine ligands such as PPh 3 , P(t-Bu) 3 , or dppf to the palladium catalyst led to no measurable improvement in the yields of product obtained.
As part of our program directed toward the synthesis of -Caryl glycosides, 20 we demonstrated the utility of our acyl substitution products by transforming aryl ketone 7c into tetrahydropyran 8 in three steps (Upjohn dihydroxylation, (16) While the indium metal recovered after the insertion reaction (30% of the total used) could be directly reused in insertion and cross-coupling reactions with minimal (<10%) decrease in yield, the indium metal recovered after zincmediated reduction of the residual aqueous indium salts (50-60% of the total used) was a softball-like clump that could not be reused directly because of its decreased surface area compared to indium powder. Work on preparing this material for reuse in insertion and cross-coupling reactions is currently in progress. c Refers to isolated yields after column chromatography. primary alcohol silylation, and triisopropylsilane-mediated ketol reduction 22 ) in 62% overall yield (Scheme 2). The silane reduction proceeded with >10:1 stereoselectivity, and the 2,6-syn stereochemistry of the product was indicated by the C.1 proton-C.5 proton cross-peaks in the NOESY spectrum of 8 (see Supporting Information for details).
In summary, we have demonstrated that indium reagents capable of participating in transition-metal-catalyzed crosscoupling and substitution reactions can be formed by direct treatment of aryl iodides with In · 2LiCl. Some noteworthy characteristics of this process are that minimal activation of the indium is required, biaryls are formed efficiently even in the presence of protic solvents, and the indium used can be regenerated by reduction of the residual indium salts with zinc metal. Further experiments to extend the scope and delineate the mechanism of this process are underway and will be reported in due course.
Experimental Section
General Procedure for Synthesis of 3a-p. LiCl (84 mg, 2mmol) was heated at 150°C for 20 min. Then indium powder (containing 0.1% Mg) 10 (114 mg, 1 mmol) was added, and the solids were heated with stirring in vacuo at 110°C for an additional 20 min. The mixture was cooled to room temperature, and the aryl iodide (0.66 mmol) was added. Then DMF (0.5 mL) was added, and the mixture was stirred at 80°C under argon for 14 h, at which time complete consumption of the iodide was observed by TLC. An additional portion of DMF (0.5 mL) was added, and the amber solution was withdrawn from the flask by syringe and added to a mixture of aryl iodide or bromide (0.44 mmol, 0.67 equiv) and Cl 2 Pd(dppf) (18.0 mg, 0.022 mmol, 5 mol %). The reaction was stirred at 80°C under argon for 1-3 h, at which time TLC indicated complete conversion. The reaction was cooled to room temperature, then diluted with ether (20 mL), and washed with 1 N HCl (2 × 20 mL). The combined aqueous phases were back-extracted with ether (1 × 50 mL). The combined organic extracts were then dried over Na 2 SO 4 , filtered, and concentrated in vacuo. The residue was purified by flash chromatography (silica gel, hexane/Et 2 O ) 99:1 to 95:5).
Methyl 4′-Methylbiphenyl-4-carboxylate (3a). Following the general procedure, methyl 4-iodobenzoate (173 mg, 0.66 mmol) and 4-iodotoluene (96 mg, 0.44 mmol) were combined to provide 3a as a white solid (84 mg, 0.37 mmol, 85% 4; 142.5; 128.4; 127.5; 125.8; 109.3; 80.6; 43.0 . GC/MS m/z ) 226 (M + ).
